ABSTRACT: Although landfills are a common method of solid-waste disposal, reports describing the impact of landfill leachate discharge on coastal surface-water quality are rare. In order to establish the impact of anthropogenically influenced groundwater seepage on a specific coastal marine ecosystem, a field campaign was conducted within North Sea Harbor (NSH), New York, USA, an embayment located northwest of, and down-gradient from, an unlined, municipal landfill. Most groundwater entering this system had modest seepage rates (0.020 to 1.18 cm h -1 ), was welloxygenated (278 ± 128 µM), contained moderate levels of nitrate/nitrite (57 ± 26 µM) and ammonium (5.9 ± 13 µM), and had low dissolved organic carbon levels (DOC = 71 ± 21 µM). In contrast, groundwater entering the SE portion of NSH was indicative of a landfill leachate plume, with high ammonium (>1 mM), and DOC (520 ± 270 µM) levels, low oxygen (20.3 ± 15.3 µM) and nitrate/nitrite (11 ± 8.9 µM) concentrations, and elevated seepage rates (8.33 ± 4.54 cm h -1 ). Quantification of inorganic nitrogen fluxes revealed that seepage of this ammonium-rich groundwater accounted for 80% of the inorganic N supply to the embayment receiving the discharge. The water column adjacent to this landfill-influenced groundwater seepage exhibited high levels of ammonium (61.7 ± 69.3 µM) and chlorophyll (8.4 ± 4.1 µg l -1 ), and hosted a microphytoplankton community that was comprised primarily of dinoflagellates and was N-replete. This contrasted with neighboring, nonleachate-influenced areas which had low ammonium (0.6 ± 0.6 µM) and chlorophyll (1.7 ± 0.7 µg l -1 ) levels and an N-limited microphytoplankton community dominated by diatoms. In summary, these results demonstrate that discharge of groundwater containing landfill leachate may be a significant, long-term eutrophication process in coastal environments. 
INTRODUCTION
Eutrophication of coastal waters can have a multitude of adverse impacts on affected ecosystems, including nuisance algal blooms, hypoxia, and the subsequent loss of marine life and habitats (de Jonge et al. 2002) . Traditionally, research on coastal eutrophication has focused on large point sources of nutrients, such as rivers and sewage treatment plants (Richardson & Jørgensen 1996) . Recent studies of shallow estuarine environments have also demonstrated that groundwater that has been impacted by coastline urbanization or agriculture can be a substantial nutrient delivery pathway. For example, groundwater seepage is the primary source of nitrogen in many estuaries along the east coast of the United States (Lee & Olsen 1985 , Giblin & Gaines 1990 , Valiela et al. 1992 , Staver & Brinsfield 1996 , LaRoche et al. 1997 . Since nitrogen limits primary production in many coastal environments (Nixon & Pilson 1983 , Borum 1996 , nutrient loading from groundwater seepage has been shown to greatly impact algal dynamics (Johannes 1980 , Sewell 1982 , Kinney & Roman 1998 , harmful algal blooms (LaRoche et al. 1997 , Gobler & Sañudo-Wilhemy 2001 and entire ecosystems (Valiela et al. 1992 , Short & Burdick 1996 , McClelland et al. 1997 .
The most common method of waste disposal in the United States is landfill burial (EPA 1997) . The infiltration of rainfall through older, unlined landfill waste can create leachate plumes, which traverse through groundwater aquifers along prevailing hydraulic gradients (Freeze & Cherry 1979 , Fetter 1994 . Since landfill leachate plumes are typically enriched in nitrogen and phosphorus (Bjerg et al. 1995 , Cozzarelli et al. 2000 , Christensen et al. 2001 , they may contribute to eutrophication of aquatic systems. Moreover, the short distance between coastal landfills and nearshore discharge of groundwater may prevent substantial hydrodynamic dispersion, microbial degradation, and/or retention of such plumes (Fetter 1994 , Christensen et al. 2001 ). To date, there have been numerous reports of landfill leachate plumes discharging into coastal waters (Striebel et al. 1991 , Chu et al. 1994 , Furukawa et al. 1994 , Walsh & LaFleur 1995 , Nobes et al. 2000 , Barlaz et al. 2002 . Although the impact of landfill leachate on groundwater composition has been well studied (see review by Christensen et al. 2001) , the potential effects of leachate plume discharge on coastal water quality and plankton communities are largely unknown.
MATERIALS AND METHODS

Study site. The Peconic Estuary encompasses approximately 250 km
2 between the North and South Forks of eastern Long Island, NY (Fig. 1) . The aquifer surrounding the Peconic Estuary contains a layering of hydraulically distinct freshwater lenses, bounded by salt water, within a vertical sequence of unconsolidated deposits. Groundwater seepage has been identified as the primary source of freshwater and nitrogen to the Peconic Estuary (LaRoche et al. 1997) , and interannual variability in groundwater flow has been shown to influence the occurrence of harmful browntide algal blooms within the estuary (LaRoche et al. 1997 , Gobler & Sañudo-Wilhelmy 2001 .
North Sea Harbor is a small (~1.1 km 2 ), shallow (2 to 4 m), enclosed embayment located along the southern shores of the Peconic Estuary (Fig. 1) . The harbor tidally exchanges with Little Peconic Bay of Peconic Estuary through an inlet in its northern extent and with a small (~0.13 km 2 ) confined embayment called Fish Cove through a tidal inlet within its SE reaches (Fig. 1) . In 1963, the North Sea landfill was constructed ~500 m SE of the North Sea Harbor system to dispose of municipal solid and septic wastes (Fig. 1) . While portions of the landfill are still active, several older, unlined cells of the landfill, which received more than 10 6 m 3 of solid and septic waste, were capped in 1985. The relatively high elevation of the landfill (75 m, one of the highest elevations on Long Island's south fork) and its close proximity to the North Sea Harbor system (500 m) combine to create a steep hydraulic gradient for groundwater recharging through the landfill. This steep gradient, along with a confining clay lense < 25 m below the landfill, have contributed towards the creation of a concentrated leachate plume emanating from unlined cells of the North Sea landfill that discharges into the SE corner of Fish Cove. While previous investigations by municipal agencies have identified groundwater and drinking waters wells between the North Sea landfill and Fish Cove which have been contaminated by the leachate plume (EPA 1984 (EPA , 1989 , the impacts of this plume on surface water quality in Fish Cove and North Sea Harbor have not been documented. The objective of this study, therefore, was to evaluate how groundwater emanating from the North Sea landfill may impact water quality and phytoplankton dynamics within North Sea Harbor and its adjacent waters. During 2000 and 2001, groundwater seepage rates were quantified around Fish Cove and North Sea Harbor, while inorganic nutrients potentially affecting phytoplankton growth were simultaneously measured in the water column of the North Sea Harbor system and in groundwater entering the area. Inorganic nitrogen fluxes were quantified to evaluate the importance of groundwater seepage to the overall supply of nitrogen to this system. Phytoplankton biomass and species diversity were quantified throughout the region, and nutrient limitation of phytoplankton growth rates was experimentally evaluated on a monthly basis.
Sample collection. From March 2000 to September 2001, groundwater entering Fish Cove and North Sea Harbor was sampled by shallow (1 m) PVC piezometers with 2.5 cm long, horizontal screened slits along the lower 25 cm, placed within the intertidal zone (Fig. 1) . Previous research on eastern Long Island has demonstrated that groundwater collected with such piezometers is more representative of the groundwater which enters surface waters than groundwater collected from coastal wells (Gobler & Sañudo-Wilhemy 2001) . High groundwater flow rates within seeps typically allowed intertidal samplers to fill with fresh groundwater (salinity < 0.1 PSU) when sampled between 1 h before and 1 h after low tide. Piezometers were sampled using a low-flow (<100 ml min -1 ), peristaltic pump equipped with acid-washed Teflon tubing. Dissolved oxygen, temperature, and conductivity levels of pumped groundwater were measured with submersible electrodes placed in a flow-through sampling cell (Geo Tech Environmental Equipment © ). To ensure that representative groundwater was obtained, samples were not collected until the dissolved oxygen, temperature, and conductivity of the pumped groundwater stabilized, which was typically 0.5 h (Puls & Powell 1992 , Puls & Paul 1995 . DOC, nutrient and salinity samples were filtered with acid-cleaned, polypropylene capsule filters (0.2 µm; MSI) or precombusted GF/F glass-fiber filters in the field, and immediately stored on ice. Within 2 h, DOC samples were acidified with quartz-distilled nitric acid and frozen along with nutrient samples.
From March 2000 to January 2001, seawater samples were collected weekly to bi-weekly from a small boat at stations within Fish Cove (Sites 1 and 2), North Sea Harbor, and Little Peconic Bay (Fig. 1) . These locations allowed direct comparison of the site directly receiving groundwater originating from the landfill to other enclosed embayment sites and to the estuary hosting these embayments. Samples were collected using 4 l, acid-washed fluorinated LDPE (low density polyethlene) bottles, which were rinsed with distilleddeionized water and filled 0.5 m below the water surface. In August 2000, a 16-station transect was made from Fish Cove to Little Peconic Bay. After water collection, triplicate chl a samples were collected on GF/F glass-fiber filters, and stored frozen. Chlorophyll a was size-fractionated using a 5 µm Nitex © mesh (Gobler & Sañudo-Wilhelmy 2001) . Nutrient samples were filtered with precombusted GF/F glass-fiber filters and immediately frozen. Whole seawater samples were preserved in Lugol's iodine and in 1% gluteraldhyde for microscopic examination of phytoplankton.
Sample analyses. DOC samples were analyzed in duplicate by high-temperature catalytic oxidation using a Shimadzu TOC-5000 total organic carbon analyzer (Benner & Strom 1993) . Measurements of J. Sharp's (University of Delaware) intercalibration DOC samples were within 5% of the consensus value. Salinity was measured with a YSI 85 probe. Measurements were confirmed on a Beckman © induction salinometer (Model RS 7B). Chlorophyll a (chl a) was analyzed in triplicate by standard fluorometric methods (Parsons et al. 1984) . Nitrate/nitrite (Jones 1984) , silicate, phosphate and ammonium (Parsons et al. 1984) were analyzed in duplicate by standard spectrophotometric methods. Recoveries of SPEX Certi-Prep INC inorganic nutrient standard-reference material were 104 ± 5% for nitrate, 96 ± 6% for ammonium, and 103 ± 11% for phosphate. Precombustion of glassware and GF/F filters provided adequately low blanks for DOC (<10% of lowest sample). Selected preserved plankton samples were settled in counting chambers and enumerated with an inverted light microscope (Hasle 1978) . Settled micro-phytoplankton (>10 µm) were identified to genus or species level and were generally grouped into the following major taxa: diatoms, dinoflagellates, and raphidophytes.
Estimation of groundwater flow rates and recharge. Three independent estimates of groundwater flow around North Sea Harbor were made during this study: (1) groundwater seepage rates were determined with an ultrasonic seepage meter (Paulsen et al. 2001) ; or (2) by traditional funnel chambers (Lee 1977 , Belanger & Montgomery 1992 , Cable et al. 1997 ; (3) the recharge rate of aquifer surrounding North Sea Harbor was calculated according to Steenhuis et al. (1985) . The ultrasonic groundwater seepage meter consisted of a steel collection funnel, which contained 2 piezoelectric transducers mounted at opposite ends of a cylindrical flow tube (Paulsen et al. 2001) . Perturbations in fluid flow were monitored from the propagation of sound waves inside the flow tube. This device allowed for real-time field measurements of forward and reverse groundwater seepage on the order of 0.1 µm s -1 over several days in July 2000. To ensure that ultrasonic seepage meters remained submerged throughout the tidal cycles, they were placed 1 m beyond the intertidal zone.
Groundwater seepage chambers (Lee 1977 , Belanger & Montgomery 1992 , Cable et al. 1997 were deployed throughout the North Sea Harbor system during high (March and April) and low (August and September) groundwater-flow periods (Steenhuis et al. 1985) . The seepage chambers were fitted with 5 l 'Ziploc' bags pre-filled with 1 l of seawater, and seepage volumes were corrected for salinity (Cable et al. 1997) . Since tidal stage can significantly impact groundwater flow rates in the Peconic Estuary (Paulsen et al. 1998 (Paulsen et al. , 2001 , the bags were fitted on seepage meters throughout a 6 h tidal cycle (high to low tide) to ensure that seepage rates were representative of high and low tides. Because of high seepage rates in the SE portion of Fish Cove, bags were retrieved from seepage meters after 2 h periods during both high and low tide.
The volume of groundwater recharging the North Sea Harbor-Fish Cove watershed was estimated using the methods of Steenhuis et al. (1985) , who determined that seasonal changes in evapotranspiration is the process which has the greatest influence on groundwater recharge on eastern Long Island. This method has been used successfully in the past to calculate groundwater discharge and recharge rates into Long Island embayments (Gobler & Sañudo-Wilhelmy 2001 , Montluçon & Sañudo-Wilhelmy 2001 , where recharge rates are generally comparable to groundwater discharge rates (Schubert 1998 ), calculated according to Steenhuis et al. (1985) , were similar to those previously calculated for the NSH region using independent methods (2.5 × 10 7 l d -1
; Schubert 1998). Inorganic nutrient fluxes. The supply of inorganic nitrogen to Fish Cove and North Sea Harbor was estimated in order to establish the relative contribution of various sources to these systems. Nitrogen input fluxes considered included tidal exchange, precipitation/ atmospheric deposition, land run-off, diffusive benthic fluxes, groundwater seepage, and creeks. Groundwater discharge volumes were calculated as described above (Steenhuis et al. 1985) . Groundwater seepage rates within the high-flow landfill-plume area were obtained from direct seepage-meter measurements. Precipitation data were obtained from the Brookhaven National Laboratory (V. Cassella pers. comm.), which is ~25 km west of the study site. Concentrations of dissolved inorganic nitrogen (DIN) in precipitation were obtained from Cornell et al. (1995) . Atmospheric deposition fluxes (wet and dry) were calculated according to Paerl (1993) and Hu et al. (1998) . Run-off volumes (5% of precipitation to the watershed) and estimates of DIN concentrations in the run-off were obtained from a study of a similarly sized, enclosed embayment on eastern Long Island (Gobler 1999) . Annual diffusive benthic fluxes of DIN measured in bays of the Peconic Estuary with sediment composition similar to Fish Cove and North Sea Harbor were obtained from Howes et al. (1998) . Howes et al. (1998) determined these fluxes using 24 h sediment-core incubation at in situ light and temperature conditions, as described by Howes & Goehringer (1994) . DIN concentrations in the water column and groundwater seepage were averages from this study. Tidal exchange volumes were calculated using a salt balance (Fischer et al. 1979) between Fish Cove and North Sea Harbor and between North Sea Harbor and Little Peconic Bay ( Fig. 1 ) according to the following equation:
where Q represents the water fluxes from net tidal exchange (T), groundwater (GW), surface run-off (RO), precipitation (precip) and creeks (C), and S is the mean annual salinities for the body of water of interest (B) and the tidally exchanging body of water (T).
Nutrient-addition experiments. Nutrient-addition experiments were conducted to determine if N or P controlled phytoplankton growth rates in the North Sea Harbor region. Within 1 h of collection, seawater collected from Fish Cove Site 1, North Sea Harbor, and Little Peconic Bay was transferred to 250 ml, acidcleaned, experimental polycarbonate flasks. Triplicate flasks were amended with sodium nitrate (10 µM), ammonium chloride (10 µM) or sodium phosphate (1 µM), or were left unamended as a control treatment. Nitrate was used as the N source during April, May and June, while ammonium was used in July, August, September, and October. This shift in N sources was used to match the prevailing inorganic N source available to resident phytoplankton communities, as nitrate is typically the dominant N source in the cooler spring months, and regenerated forms of N, such as ammonium, are more abundant during the summer and fall , Gobler & Sañudo-Wilhemly 2001 . The concentrations of experimental nutrient additions were similar to previously observed increases of these nutrients in the water column of Peconic Estuary embayments on Long Island (Gobler & Sañudo-Wilhemly 2001, this study) . Nutrient stocks were filtersterilized (0.2 µm) and stored frozen. Experimental bottles were incubated at a depth of ~0.25 m under 2 layers of neutral-density screening (65% reduction in ambient light) in Old Fort Pond (OFP) at the Southampton College Marine Station, located 5 km south of North Sea Harbor. Open tidal exchange with Shinnecock Bay keeps OFP well flushed; temperatures during incubations were typically within 2°C of stations in North Sea Harbor. After 24 h, experimental flasks were filtered for chl a onto GF/F glass-fiber filters. Net growth rates of the total phytoplankton community were calculated from changes in chl a using the formula:
where k is the net relative growth rate, B t is the amount of biomass (chl a) present at the end of the experiments, B o represents the amount of biomass at the beginning of experiments, and t is the duration of the experiment in days (Guillard 1973) .
RESULTS
Groundwater flow rates and composition
Mean shoreline groundwater flow rates as determined by traditional seepage meters were generally lower around North Sea Harbor (0.020 ± 0.008 cm h -1 ; Table 1 ) compared to areas surrounding Fish Cove (0.118 ± 0.040 cm h -1 ; Table 1 ). Within the SE corner of Fish Cove, there was a focal point of heavy groundwater flow, which consisted of freshwater springs and large seeps. In this region, up to 10 cm of fresh groundwater flowed above red, iron-stained, coarse sediments along the shoreline. Rates of groundwater flow measured by traditional seepage meters in this area were very high (8.33 ± 4.54 cm h -1 ; Fig. 1) was similar (Fig. 2) . This piezometer-collected groundwater seepage was partially oxygenated dissolved oxygen (DO = 278 ± 128 µM), contained moderate levels of nitrate/nitrite (57 ± 26 µM), silicate (67 ± 47 µM) and DOC (71 ± 22 µM), and had lower levels of phosphate (0.68 ± 0.41 µM) and ammonium (5.9 ± 13 µM; Fig. 2 ). Groundwater emanating from the SE corner of Fish Cove ('x' in Fig. 1 ), however, was markedly different from that at other sites in the region. Groundwater within this ~30 m-wide plume of high seepage was nearly anoxic (DO = 20.3 ± 15.3 µM; Fig. 2 ) and contained high levels of ammonium (942 ± 347 µM) and DOC (520 ± 259 µM; Fig. 2 ). Concentrations of silicate (86 ± 40 µM) and phosphate (0.93 ± 0.55 µM) in the groundwater of this region were slightly higher than in other areas surrounding Fish Cove and North Sea Harbor (Fig. 2) , while nitrate/nitrite levels (10.9 ± 8.48 µM) were significantly lower (Fig. 2) .
Zones of rapid transition in groundwater composition were noted across the width of the high-flow groundwater area entering the SE corner of Fish Cove (Fig. 3) . On the fringes of the high flow plume (> 25 m from the center), groundwater was partly oxygenated (>100 µM), contained modest levels of nitrate/nitrite (~50 µM) and low ammonium concen- Fig. 1 ) and non-plume sites around Fish Cove and North Sea Harbor ('o' in Fig. 1) trations (< 5 µM; Fig. 3 ), while 15 m to the east or west of the plume center, oxygen levels dropped below 50 µM, ammonium levels rose above 1000 µM, and nitrate/nitrite levels decreased (Fig. 3) . We did not observe any significant 
Surface-water nutrients and nutrient ratios
A transect made from the site of the high-flow groundwater plume in Fish Cove to Little Peconic Bay illustrated the impact of the discharging groundwater on salinity and ammonium levels of surface waters in Fish Cove and the surrounding region. Within 10 m of the discharge site, salinities rose sharply from 2.8 to 24 PSU, and levels of dissolved ammonium ranged from 100 to 600 µM (Fig. 4A,B) . Progressing 500 m seaward through Fish Cove, salinities rose slightly from 24 to 27 PSU, while ammonium gradually declined from 69 to 5.8 µM (Fig. 4A,B) . At sites located in North Sea Harbor and Little Peconic Bay, salinities increased to 28 PSU, and ammonium concentrations were low (0.5 to 1.3 µM; Fig. 4A,B) . A mixing curve of salinity and ammonium through this transect, which used groundwater seepage as the freshwater endmember (Fig. 4C) , was visually similar to the mixing of river water and estuarine seawater (Sharp et al. 1984) , but indicated ammonium removal of through the transect. A Model I linear regression of all points excluding the freshwater end member was more linear (r 2 = 0.97), and yielded a freshwater end member (y-intercept) of 625 µM (Fig. 4C) .
In a manner consistent with the transect data, Site 1 in Fish Cove, which was directly adjacent to the highflow groundwater plume, had high levels of dissolved inorganic nitrogen and salinities which were lower than adjacent embayments throughout our 2000 and .0 ± 4.1 PSU respectively) were each significantly (p < 0.05; TukeyKramer) lower than levels in North Sea Harbor (26.7 ± 1.5 PSU) and Little Peconic Bay (28.2 ± 0.5 PSU; Fig. 5A ). Ammonium levels at Fish Cove Site 1 ranged from 11 to 250 µM, and averaged 61.7 ± 69.3 µM (average ± SD; Fig. 5B ), while nitrate/nitrite levels ranged from 1.1 to 48 µM and averaged 8.03 ± 10.6 µM (Fig. 5C ). Further away from the groundwater plume in Fish Cove, at Site 2, levels of ammonium (10.1 ± 10.1 µM; Fig. 5B ) and nitrate/nitrite (3.51 ± 2.27 µM; Fig. 5C ) were still elevated, but were significantly lower than at Fish Cove Site 1 (p < 0.05; TukeyKramer). North Sea Harbor inorganic nitrogen levels (ammonium = 3.53 ± 3.55 µM; nitrate/nitrite = 3.55 ± 1.09 µM; Fig. 5B ,C) were significantly lower than those within Fish Cove (p < 0.05; Tukey-Kramer), but were markedly higher than concentrations in Little Peconic Bay during our study (ammonium = 0.61 ± 0.58 µM; nitrate/nitrite = 0.34 ± 0.55 µM; Fig. 5B ,C). Silicate displayed a trend similar to that of inorganic nitrogen, with high levels in Fish Cove (Site 1 = 35.9 ± 19.3 µM; Site 2 = 32.9 ± 8.58 µM; Fig. 5D ), and low levels in Little Peconic Bay (12.5 ± 5.37 µM; Fig. 5D ). In contrast, phosphate levels at Fish Cove Site 1 (0.21 ± 0.17 µM; Fig. 5E ) were lower than those at all other sites (Fish Cove Site 2 = 0.60 ± 0.60 µM; North Sea Harbor = 0.52 ± 0.44 µM; Little Peconic Bay = 0.47 ± 0.32 µM; Fig. 5E ). Differences in inorganic nitrogen and phosphorus concentrations resulted in N:P ratios which varied above and below the Redfield N:P ratio of 16. The consistently low inorganic nitrogen levels found in Little Peconic Bay contributed toward inorganic N:P ratios, which never exceeded 7 and averaged 2.7 during our study (Fig. 5F ). North Sea Harbor inorganic N:P ratios varied seasonally above (spring and winter) and below (summer and fall) the Redfield ratio, and averaged 14 (Fig. 5F ). Dissolved inorganic N:P ratios at Fish Cove Site 2 were well above Redfield N:P ratios on most occasions, and averaged 73 (Fig. 5F ). Fish Cove Site 1 had DIN:DIP ratios which averaged 640, were always above the Redfield N:P, and were within the range of the DIN:DIP ratios found in the highflow groundwater plume (1000; Fig. 5F ). In a similar manner, DIN:dissolved silicate ratios during this study were low at most stations (Fish Cove Site 2 = 0.4; North Sea Harbor = 0.4; Little Peconic Bay = 0.1) but were significantly higher at Fish Cove Site 1 (3.3; p < 0.05; Tukey-Kramer; Fig. 5G ).
Inorganic nitrogen fluxes
The relative importance of various inorganic nitrogen sources to the dissolved inorganic N (DIN) supply of Fish Cove and North Sea Harbor were quite different. In North Sea Harbor, groundwater, diffusive benthic fluxes, tidal exchange with Fish Cove, and tidal exchange with Little Peconic Bay each contributed similar amounts of DIN (23, 28, 33, and 11%, respectively; Table 2 ). In contrast, in Fish Cove, the high-flow groundwater plume comprised the majority of DIN supply (77%), while tidal exchange with North Sea Harbor, groundwater from the rest of the area, and diffusive benthic flux each represented small portions of the Fish Cove DIN supply (16, 4, and 3%, respectively; Table 2 ). For both locations, relative inputs of DIN from atmospheric deposition, run-off and creeks were generally small (< 3% of the total supply; Table 2 ). Although calculated DIN fluxes from precipitation at both locations were small (3 and <1% of total for each NSH and FC, respectively), the absolute fluxes were in agreement with atmospheric deposition fluxes (wet and dry), which were calculated using the methods of Paerl (1993) and Hu et al. (1998) .
Phytoplankton abundance and diversity
There were distinct differences in the levels of phytoplankton biomass in Fish Cove, North Sea Harbor, and Little Peconic Bay during this study (Fig. 6) . Mean levels of chl a in Fish Cove Site 1 (5.8 ± 3.4 µg l -1 : avg. ± SD; Fig. 6 ) were slightly lower than, but not statistically different from, levels in Fish Cove Site 2 (8.5 ± 5.6 µg l -1 ; Fig. 6 ). However, these chl a concentrations were significantly greater than those in North Sea Harbor (3.2 ± 1.7 µg l -1 ; p < 0.01; Tukey-Kramer; Fig. 6 ) and Little Peconic Bay (1.7 ± 0.8 µg l -1 ; p < 0.001; Tukey-Kramer; Fig. 6 ). Differences between Fish Cove sites and other sites were most notable during the summer months, when July and August chlorophyll levels at FC Sites 1 and 2 frequently exceeded 10 µg l -1
. While sizefractionation of chlorophyll indicated that there was more biomass associated with larger (> 5 µm) phytoplankton in Fish Cove (40%) compared to North Sea Harbor and Little Peconic Bay (30% for each), these differences were not significant.
There were also notable differences in the composition of microphytoplankton populations within various study sites (Fig. 7) . Specifically, diatoms and dinoflagellates were common at all sites, but at varying densities. For example, while Fish Cove Site 2, North Sea Harbor and Little Peconic Bay hosted diatom populations with mean densities >1000 cells ml -1 , mean diatom densities at Fish Cove Site 1 were significantly lower (< 500 cells ml -1 ; p < 0.05; Tukey-Kramer; Fig. 7 ). Additionally, there was a gradient in dinoflagellate density across our study sites, with the highest levels found closer to Fish Cove Site 1 (mean density = 530 cells ml -1
) and the lowest density in Little Peconic Bay (mean density = 88 cells ml -1 ). Moreover, the dinoflagellate density at Fish Cove Site 1 were significantly higher than that in Little Peconic Bay (p < 0.05; Tukey-Kramer; Fig. 7 ). These differences were partly due to dinoflagellate blooms (>100 cells ml ), and lower levels in North Sea Harbor (mean density = 7 cells ml -1 ), while no raphidophytes were found in Little Peconic Bay (Fig. 7) . The dominant raphidophyte genus was Chattonella sp. 
Nutrient-enrichment experiments
Phytoplankton communities of Fish Cove, North Sea Harbor, and Little Peconic Bay responded differently to the experimental addition of inorganic nitrogen and phosphorus during our study (Fig. 8) . Moreover, responses to nutrient additions were consistent with observed DIN:DIP ratios measured at each site. For example, in Little Peconic Bay, where DIN:DIP ratios were consistently below the Redfield ratio (Fig. 5F ), the phytoplankton community experienced significantly increased growth rates during inorganic nitrogen additions relative to control treatments during every experiment conducted from April through October 2000 (p < 0.05; Student's t-test; Fig. 8) . Similarly, inorganic nitrogen additions significantly augmented phytoplankton growth rates in North Sea Harbor relative to control treatments during most experiments (p < 0.05; t-test; Fig. 8 ). The exception to this trend occurred in late summer, as N additions did not alter phytoplankton growth rates in North Sea Harbor during August and September (Fig. 8) , when ambient DIN levels and DIN:DIP ratios were high (Fig. 5F ). In stark contrast to North Sea Harbor and Little Peconic Bay, N additions made to Fish Cove phytoplankton communities never enhanced algal growth rates (Fig. 8) . Instead, Fish Cove communities, which were exposed to a mean DIN:DIP ratio of 640 during this study (Fig. 5F ), appeared to be nutrientreplete (April, May, September) or experienced significantly enhanced growth rates relative to control treatments when P was added (June, July, August, October; p < 0.05; t-test; Fig. 8 ).
DISCUSSION
Anthropogenically impacted groundwater is gaining recognition as a significant source of nutrients in shallow coastal environments. Research to date has demonstrated that septic tanks, sewage disposal, and agriculture can all significantly enhance nutrient levels in coastal groundwater (Persky 1986 , Giblin & Gaines 1990 , Valiela et al. 1992 , LaRoche et al. 1997 , Corbett et al. 2000 ). In the current study, we amassed observational and experimental evidence demonstrating that discharge of groundwater containing landfill leachate can be a significant eutrophication process in coastal environments. 
Delivery of groundwater-borne nutrients to surface waters
Nitrate is generally the principal form of nitrogen found in the aquifer surrounding most coastal areas of the NE USA (Valiela & Costa 1988 , Giblin & Gaines 1990 , including Long Island (Capone & Bautista 1985 , Gobler & Sañudo-Wilhemy 2001 . While nitrate and nitrite were the dominant form of inorganic nitrogen found in much of the groundwater entering Fish Cove and North Sea Harbor, nearly all the inorganic nitrogen entering the SW corner of Fish Cove was ammonium (Figs. 2 & 3) . High levels of ammonium found in this region, along with the high DOC concentrations and low nitrate/nitrite and dissolved oxygen levels (Fig. 2) , are classic indicators of landfill leachate plumes (Cozzarelli et al. 1990 , Bjerg et al. 1995 , Christensen et al. 2001 , suggesting that this groundwater originated from the nearby (500 m) unlined North Sea landfill. Landfills are typically sites of high levels of organic nitrogen and microbial activity which combine to rapidly produce ammonium and consume oxygen in leachate plumes (Christensen et al. 2001) . The absence of oxygen in the plume prevents nitrification of groundwater ammonium (Koike & Hattori 1978) , a process common in NE USA aquifers (Gobler & Sañudo-Wilhelmy 2001) . Moreover, the low oxygen levels and high DOC concentrations in this groundwater are likely to support active denitrification of nitrate present in the groundwater (Seitzinger 1988) or, alternatively, the reduction of nitrate to ammonium (Tobias et al. 2001) . These processes would account for the extremely low levels of nitrate/nitrite in the groundwater plume (Fig. 2) compared to groundwater in other parts of Fish Cove and North Sea Harbor.
Groundwater flow rates measured through much of Fish Cove and North Sea Harbor were generally within the range of rates previously determined for estuaries on Long Island (Bokuniewicz 1980 , Paulsen et al. 1998 , Montuçon & Sañudo-Wilhemly 2001 . In contrast, groundwater flow rates in the SW portion of Fish Cove exceed any level previously reported for Long Island, and may be attributable to the extremely steep hydraulic gradient in this region, the absence of intertidal plants (e.g. Spartina alterniflora, Phragmites australis) surrounding the region, the coarse sediments, and the leachate plume originating from the North Sea landfill. Perimeters of landfills with leachate plumes have previously been noted as having similar high-flow springs which seep out of coarse sediments (Freeze & Cherry 1979) . The rapid flow rates of groundwater containing nearly 1 mM of ammonium creates a tremendous nitrogen flux and accounts for this leachate plume being the primary source of inorganic nitrogen to Fish Cove (Table 2) .
Impact of groundwater flow on water quality and phytoplankton dynamics
Quantification of inorganic nitrogen fluxes during this study indicated that the groundwater leachate plume entering Fish Cove was the primary source of inorganic nitrogen to this embayment (77% of supply; Table 2 ). The samples collected from the Fish CoveLittle Peconic Bay transect yielded a salinity-ammonium regression with a y-intercept of 625 µM (Fig. 4C) . This freshwater DIN source comprises 66% of the leachate plume ammonium concentration (942 µM; Fig. 2 ), supporting the conclusion that the plume was the primary DIN source to the region. In addition to natural variability, the small differences observed between the flux calculations (plume = 77% of Fish Cove N-supply) and the intercept-derived freshwater source (66%) could indicate active biological removal of ammonium within the water column (Sharp et al. 1984) . In contrast to Fish Cove, groundwater supplied about a quarter of the inorganic nitrogen to neighboring North Sea Harbor. Since most of the inorganic nitrogen in Fish Cove originated from the North Sea landfill leachate plume, it can be argued that this plume was also a significant source of inorganic nitrogen to North Sea Harbor, as 33% of the NSH inorganic nitrogen came from tidal exchange with Fish Cove (Table 2 ). The conclusion that most of the inorganic nitrogen in Fish Cove was supplied by groundwater is consistent with previous research in the Peconic Estuary (LaRoche et al. 1997) and in other NE US estuaries which have been impacted by coastline expansion (Giblin & Gaines 1990 , Valiela et al. 1992 , Staver & Brinsfield 1996 . Finally, the high levels of DOC in groundwater entering Fish Cove (Fig. 2) suggest that dissolved organic nitrogen (DON) may also have been enriched in this seepage. If this were the case, the groundwater entering Fish Cove is probably an even more important source of total dissolved nitrogen to this system, since it is likely that most of the groundwater entering other parts of our study area had low levels of DON (Gobler & Sañudo-Wilhelmy 2001) .
Previous studies have characterized the Peconic Estuary as having low levels of inorganic nutrients (~1 µM) and chl a (~2 µg l -1 ), and a phytoplankton community dominated by diatoms and seasonally limited by the supply of nitrogen (Hardy 1976 , Bruno et al. 1980 . Similar studies of enclosed embayments within the Peconic Estuary system have found levels of algal biomass and inorganic nitrogen to be slightly higher than the main basins of the estuary, but have also found nitrogen to limit phytoplankton growth rates (Gobler 1999 , Gobler & Sañudo-Wilhemy 2001 . Many of the findings of the current study are consistent with this prior work. Mod-est levels of nutrients and phytoplankton biomass were present in North Sea Harbor and Little Peconic Bay (Figs. 5 & 6) . Moreover, the micro-phytoplankton communities in these regions always contained more diatoms than dinoflagellates, and were chronically limited by N (Fig. 8) . In stark contrast, Fish Cove displayed water-column characteristics and a phytoplankton community, which were a marked departure from any previous observation made in Long Island waters.
Fish Cove is a eutrophic environment. The plume of landfill leachate entering it is the primary source of inorganic nitrogen to this embayment (Table 2 ) and contributes toward inorganic nutrient levels which exceed concentrations previously reported for surface waters of Long Island estuaries (Hardy 1976 , Bruno et al. 1980 , Gobler & Sañudo-Wilhemy 2001 . This input of nitrogen seemed to support levels of phytoplankton biomass which are consistently elevated relative to neighboring North Sea Harbor (Fig. 6 ). Fish Cove also fosters an algal community which is generally nutrient-replete or phosphoruslimited (Fig. 8) , a phenomenon which has never been observed within the Peconic Estuary system. The extremely high DIN:DIP ratios found in Fish Cove (mean = 640; Fig. 5F ) were also indicative of a phytoplankton community that was probably N-replete and potentially P-limited. Although Fish Cove is an isolated embayment, strong tidal flushing of this bay (estimated residence time < 3 d) probably mitigates the accumulation of nitrogen and algal biomass beyond the already high levels observed.
The site of leachate discharge in Fish Cove also seems to impact the composition of the microphytoplankton population there. In contrast to other stations, which had micro-phytoplankton communities dominated by diatoms, Fish Cove Site 1 hosted a significantly lower level of diatoms and an abundance of dinoflagellates which exceeded densities at other stations (Fig. 7) . More specifically, Fish Cove Site 1 hosted blooms of phytoplankton which have been previously been identified as harmful, such as Prorocentrum minimun, Alexandrium sp., Heterocapsa sp., and Chattonella sp. (Smayda 1990 , Oda et al. 1992 , Matsuyama 1999 . Since Fish Cove Site 1 also has extremely high levels of dissolved inorganic nitrogen (mean = 70 µM), and receives inputs of groundwater enriched in DOC (and presumably DON), the proliferation of these algae supports the supposition that eutrophication and organic loading can promote the proliferation of harmful algal blooms (Smayda 1990 , Glibert et al. 2001 , Anderson et al. 2002 . Moreover, the presence of these phytoplankton at lower densities within Fish Cove Site 2 and North Sea Harbor suggests that Fish Cove Site 1 could serve as a seed bed for tidally transporting harmful algal species to neighboring bodies of water.
There are many constituents found within landfill leachate, such as trace metals and organic compounds, which may affect phytoplankton species diversity and composition. However, the high levels of inorganic nutrients in groundwater entering Fish Cove clearly impact phytoplankton growth rates and biomass in this region. In addition, trends in microalgal community composition observed during this study may have been impacted by the ratios of DIN to dissolved silicate (DSi) in groundwater delivered to the region. Healthy diatom cells generally contain 1 mole of silicon for each mole of cellular nitrogen (Brzezinski 1985) . Eutrophication in other coastal bodies of water has previously been cited as a factor contributing to a decline in diatom abundance and increases in populations of non-silicon-requiring algae, as nitrogen loading increases DIN:DSi ratios (Doering et al. 1989 , Smayda 1990 , Turner et al. 1998 ). The ratios of DIN:DSi in North Sea Harbor and Little Peconic Bay (<1) suggest that nitrogen would limit diatom growth rates, a conclusion consistent with our nutrient-enrichment experiments (Fig. 5G) . In contrast, the high delivery rates of nitrogen at Fish Cove Site 1 yielded an elevated DIN:DSi ratio (3.3; Fig. 5G ) that could have led to Si limitation of diatoms, and caused the reduced diatom densities within this region (Fig. 7) . While it would have been preferable to have experimentally evaluated the importance of Si additions to this system, a dearth of previous research on Si-limitation in Long Island estuaries precluded us from anticipating the observed trends.
Water-quality implications for coastal landfills
Chemical constituents within many landfill leachate plumes often traverse relatively short distances (~1000 m) due to natural attenuation processes and dispersion, and thus may not reach all coastal surface waters (Christensen et al. 2001) . However, in the permeable, coarse-sand aquifers found in the NE United States, leachate plumes may spread distances exceeding 5000 m (Kimmel & Braids 1974 . High groundwater flow rates due to steep hydraulic gradients, which are common within some coastal aquifers (Gobler & Sañudo-Wilhelmy 2001) , may further extend the length of landfill leachate plumes (Freeze & Cherry 1979) . Moreover, it has been established that, unlike many constituents of landfill leachate, which degrade with time, ammonium is a long-term pollutant that remains present at elevated levels in plumes over time (Christensen et al. 2001) . Hence, nearshore landfills, which are unlined and/or uncapped, and have extensive leachate plumes which reach surface waters, may continue to be a significant source of coastal eutrophi-cation for decades to come. The efficient recycling of nitrogen in shallow marine ecosystems via processes such as diffusive benthic fluxes (Nixon & Pilson 1983) would further extend the impact of N-loading from leachate plume discharge.
Surface waters surrounding large coastal urban centers may be the regions most impacted by landfill leachate plumes. For example, New York City has hosted over 180 km 2 of municipal solid-waste landfills over the past 2 centuries (Walsh & LaFleur 1995) . Since the majority of these landfills were unlined and constructed on tidal wetlands with fine-grain deposits, lateral transport of leachate to the surrounding surface water is common (Walsh & LaFleur 1995) . Finally, a series of recent reports documenting coastal landfills with leachate entering surface waters (Striebel et al. 1991 , Chu et al. 1994 , Furukawa et al. 1994 , Walsh & LaFleur 1995 , Nobes et al. 2000 , Barlaz et al. 2002 suggests that such plumes could be an important, but previously undocumented, source of eutrophication in aquatic systems around the world.
